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This work is concerned with a study of oxygen reduction and transport
properties of the electrolyte in the phosphoric acid fuel cell. The areas
covered in the work were: (i) development of a theortieal expression for the
rotating ring —disk electrode technique; (ii) determination of the intermediate
reaction rate constants for oxygen reduction on platinum in phosphoric acid
electrolyte; (iii) determination of oxygen reduction mechanism in
trifluoromethanesulfonic acid (TFMSA) which has been considered as an
alternate electrolyte for the acid fuel cells; and (iv) the measurement of
transport properties of the phosphoric acid electrolyte at high concentrations
and temperatures.
(1) Theoretical Amalysis of the Rotating Ring—Disk Electrode Method
The previous theoretical treatments of the rotating ring —disk electrode
1
method to distinguish between the mechanisms of electroreduction of 0 2 to H2O
with and without the formation of B202 as an intermediate, were examined. A
new expression was derived for Idl /(I dl— Id ) as a function of j112 (where Idl
Is the disk limiting current, I d is the disc current and a is the rotational
speed of electrode) for five possible reaction models. This, along with the
corresponding expressions for Id /I r vs.	 1/2 (I r is the ring current),
enables the calculations of the individual rate constants for the intermediate
steps of 02
 reduction. The experimental data of I d and I  were obtained for
02
 reduction on platinum in 0.55 M H2 SO4
 at 25 0C. By use of these
experimental results in the present theoretical treatment, it is shown that:
(1) the most applicable model over the entire potential region was the one
suggested by Damjanovic, Oenshaw and Bockris: (2) the models involving the
adsorption/desorption of B202
 were applicable only over a narrow region of
i
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L: and (3) the models involving the chemical dsoomposition of H2O2
insistent with the dependence of 
IdlM dl— IQ) va• 0
-1/2 
.
(2) Oxygen Reduction in Phosphoric Acid
The oxygen reduction reaction was investigated at platinum electrodes in
phosphoric acid in the concentration range 0.7M (6 . 6%) to 17 . SM (93%) at 250C
using the rotating ring—disc electrode technique. The mechanism of the oxygen
electrode reaction was discussed in torus of the direct four —sleetron transfer
reduction to water and the formation of hydrogen peroxide as an intermediate
in a parallel two—electron transfer reaction. The rate constants of the
intermediate reaction steps were calculated from the ring —disc data for
various potentials and electrolyte concentrations. The characteristics of the
reaction were found to be markedly dependent on the concentration of
phosphoric acid.
(3) Oxygen Reduction in TFMSA
Trifluoromethane sulfouie acid (TFMSA) has been considered as an
alternate electrolyte for fuel cell applications. The kinetics of oxygen
redaction at Pt was studied using a rotating ring —disc electrode technique in
TFMSA W AS,  0.1, 1.0, and 6.010 and in 1.OM TFMSA with phosphoric acid
additive (0.003 and O .M. The amount of hydrogen peroxide intermediate
produced in TFMSA on oxide—covered Pt surface ( electrode potential scanned
from 1.0 to 0.3 V vs.	 RHE) was found to be higher than that on oxide—free
a
surface ( electrode potential scanned from 0.3	 to 1.0 V vs. RHE).	 A half
{
reaction order with respect to oxygen was observed for the oxygen reduction in
TFMSA solutions. The reaction order increased to one with the addition of
phosphoric acid to 1.0 M TFMSA.	 A possible mechanism of oxygen redaction was
proposed to explain the half reaction order with respect to czygen.
ii
(4) Transport Properties of Phosphoric Acid Electrolyte
The transport properties of phosphoric acid are important to the fuel
cell performances. In this work, the 'kinematic viscosity and specific
conductivity of the electrolyte, have been measured over a range of phosphoric
acid concentrations from 0.5 to 19 N (6 - 1000 and temperatures from 25 to
2000C. The specific conductivity was measured with a Beckman conductivity
bridle and a conductivity cell. The kinematic viscosity was measured with
Cannon-Fenske viscometers. The results indicate that the conductivity in
concentrated phosphoric acid follows a nom-Stokian transport mechanism.
iii
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I. INT80DUCTION
The energy crisis of 1973 stimulated the renaissance of fuel cells (1).
	
11
Fuel cells are superior to other electricity generators in several respects
(2); such as: high efficiency, pollution from and silent operation. In fuel
cells, .: ,as fuels are converted to hydrogen—rich gases and then fed into the
i
fuel cell. The direct current generated from the cell is converted to
alternating current by the power conditioner. The heat released from the fuel
cell is utilized for the endothermic reaction in the fuel processor.
The essential criteria for fuel cells are dependent on the types of
applications. The requirements for civilian terrestrial use a :e high	 i
efficiency, high power density, low capital cost and long life. The
phosphoric acid fuel cell ( 3) appears to be the best candidate when natural 	 x
gas and naphtha are used as fuels. This fuel cell is operated at 200 0C and	
i
there is a need to transfer waste heat from the fuel cells to the fuel
processor. Molten carbonate (1,4) and solid electrolyte (1,5) fuel cells
appear to be promising when coupled with a coal gasifier operating at
temperatures of 1000 — 15000C.
The major cause of the efficiency loss in the fuel cell is due to the
slow reaction rate of oxygen reduction at the cathode (8). The overpotential 	 ;
of the hydrogen electrode is less than 20 mV at 200 mA/cm 2 ; however, the	 ^+
overpotential of the oxygen electrode is 400 mV at the same current density.
The oxygen electrode reaction is the major cause of efficiency loss in
phosphoric acid fuel cells. It has been shown that the overpotential loss for
the oxygen reduction reaction can be reduced with additives, such as,
trifluoromethane sulfonic acid (TFMSA) into phosphoric acid electrolyte. The
exchanging current density in aqueous TFMSA is one hundred times higher than
1
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that in 85% B3 PO4 . The mechanism of oxygen reduction in 93 PO4 and TFMSA is
not known. The objective of this work are:
1)	 Study of electrode kinetics of oxygen reduction in fuel cell
electrolytes— The redaction of oxygen involves two parallel reaction
paths. One reaction path is the direct redaction of oxygen to water.	 t
Ths second path is the reduction of oxygen to hydrogen peroxide, followed
by the redaction of hydrogen peroxide to water. An evaluation of the
rate constants of individual reaction path of oxygen redaction is
essential for the understanding of oxygen redaction kinetics. A method
to calculate these rate constants from the rotating ring-disk experiment
has been developed in this work. The kinetics of oxygen redaction was
studied by using the rotating ring —disk electrode technique in phosphoric
acid and trifluoromethanesulfonic acid (TFXSA). The results are
summarized in this report.
ii) Ibvestigation of transport properties of phosphoric acid electrolyte— The
physical properties of electrolyte are important to the fuel cell
performance (3). The conductivity of the electrolyte can affect the cell
IR loss. The maximum operating temperature is limited by the boiling
point of the electrolyte. Besides, the rate of oxygen reduction is
proportional to the solubility and diffusivity of dissolved oxygen in the
electrolyte (12). The information of transport properties in phosphoric
acid over a wide concentration range would clearify the change in solvent
structure (from water to phosphoric acid) when the electrolyte changes
from aqueous solution to concentrated phosphoric acid medium. For these
purposes, the conductivity and viscosity of phosphoric acid were measured
over a range of conce.itrations from 0.7 to 17.511 (6.6 — 1000 and the
temperature from 25 to 2000C.
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II. ELECTRODE KINETICS OF OXYGEN REDUCTION
The aims of this work is to investigate the effects of the electrolyte on
the kinetics of oxygen reduction at platinum. For this purpose, the rotating	 M
ring—disk electrode technique was used. All the kinetics studies were carried
out on the platinum electrode because. platinum is the best catalyst for the
i	 fuel cell reaction. Since the phosphoric acid is presently used in the fuel
cell and trifluoromethanesulfonic acid (TFMSA) shows promise for fuel cell
applications (13), the investigation was carried out in these two acids.
There are four sections in this chapter. In section 2.1, the
experimental procedures and preparation of electrode, electrolytes, and
glassware are described. In section 2.2, a set of new equations for the
calculation of rate constants of the intermediate reaction steps from the
rotating ring—disk electrode is developed. In section 2.3, the results for
the reduction of oxygen in phosphoric acid over the concentration range of 0.7
— 17.51( are analysed by the method presented in section 2.2. The resultt of
oxygen reduction in aqueous TFUSA (0.05 — 6.01() and in a mixed acid which
containing 1.01( TFMSA and 0.003 — 0.11! phosphoric acid are presented in
section 2.4.
2.1 EXPERIMENTAL
Experimental set—up
A glass cell with one compartment for the test and auxiliary electrodes
and another for the reference electrode was used in the electrode kinetics
experiments. A platinum ring—disk electrode (Pine Instrument) with a
collection efficiency of 17.6% served as the working electrode. The electrode
potentials were measured against a dynamic hydrogen electrode (DEE) and were
converted to a reversible hydrogen electrode (RHE) scale. A large platinum
gauze was used as the counter electrode. The potentials of the disk and ring
electrodes were controlled by a potentiostat (Pine Instrument RDE 3) and the
_.	 rotational speed of the electrode was controlled by an analytical rotator
f 3
(Pine Instrument ASR 2). The currents at the disk and ring electrodes were
recorded on a dual pen 1—Y—Y' recorder (Soltec 6431).
The cell, the electrodes and the glassware were cleaned with chromic acid	 I
(0.1 Rol. 12Cr207 dissolved into 11 B2 804 ) followed by soaking in a 1.1
B2 SO4/BNO3
 solution for 9 hr. and then in double distilled water for another 9
hr. The 0.55M sulfuric acid was prepared by dilating concentrated sulfuric
acid (ultra pure, Alfa, Ventron Div.) with doable distilled water. Phosphoric
acid (83%, electronic grade, J.T. Baker) was treated with 10% hydrogen
perioxide (90%, stabilizer free, FMC) and heated to 50-70 0C for 1 hr. The
solution was concentrated to 85% by evaporation at 160 0C in a Teflon vessel.
The solution was diluted with doable distilled water t.) the desired
concentrations. Trifluoromethanesalfonic acid ON Co.), was distilled twice
under vacuum (B.P. ( 40 0C). The distillate was added to double distilled
water to form trifluoromethanesulfonic acid (TFMSA) nonohydrate which was then
vacuum—distilled (B.P. ( 80 0C). Before use, the nonohydrate was diluted with
double distilled water to the desired concentration.
Experimental procedure
Before the electrode kinetics experiments, the solution was deaerated
with purified nitrogen gas and a cyclic voltaRRogran on the platinum disk
electrode was examined to insure the parity of solutions. Then the purified
oxygen was babbled through the electrolyte for 1 hr. Daring the rotating
ring—disk electrode experiments. the potential of the disk electrode was
scanned from 1.0 to 0.3 V vs. DHE at a scan rate of S mV/S, while the
potential of the ring electrode was maintained at 1.1 V vs. DBE (this is a
limiting current potential for the oxidation of hydrogen peroxide to oxygen).
Experiments were carried out for a range of rotational speed from 400 to 4900
rpm at 20-250C.
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2.2 THEORETICAL ANALYSIS OF THE ROTATING RING-DISK ELECTRODE !METHOD
The rotating ring-disk electrode technique has been extensively used for
the investigation of the mechanism of the oxygen reduction in which hydrogen
paroxids is formed as an intermediate (14-19). In this method, the reduction
3
of oxygen takes place on a central disk electrode and the generated hydrogen
5
peroxide is detected at a concentric ring electrode with a larger radius. The
purpose of this work is to modify previous theoretical treatments (iS,16,19)
	
(
and to determine the rate constants of the intermediate steps for the reaction
models shown in Fig. 1. The rotating ring-disk electrode experimental data
obtained for oxygen reduction at platinum in 0.55M sulfuric acid are used to
illustrate the procedure of the present theoretical analysis.
etical treatments for the calculation of rate constan s
Based on the material balances, the mathematical expression which would
permit the calculations of the rate constants of the intermediate steps for
,
the oxygen reduction reaction can be derived for each of the models presented
in Fig. 1. For the sake of brevity, only the equations for Model 1 are
presented here. The details of the analysis are given in Reference b and 9.
From the material balance of oxygen and hydrogen peroxide species in
Model 1 (Fig. 2.1), the relations among the ring current, I and the
	 +
r
express±ons for ring (I r ) and the disk current, I d , the limiting current at
the disk, Idl , and the rotating speed of electrode, w can be expressed as:
1d1	 k1	 2(k1/k2+ 1)	 1/2I - y (1+2 k J + ( y Z	 k3l	 (1)r	 2	 2
1 d1	 - 1 + kl+ k2 w1	 1	
Z
-1/2
dl	 d	 1
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aAccordingly, the rate constants k l , k2 , and k3 may be determined from the
intercepts and slopes of the plot of I d/I r vs. 
w-1/2 
and from the sl3pei of
the plot of 
Idl /(I dl- Id) vs. w 1
/ 2 at different disk potential.
Evaluation of the rate constants
Two important expressions for the calculation of the rate constants are:
( i) 
Idl /(I dl- I d ) as a function of m 1/2 ; and (ii) I
d / I r as a function of
:lectrode
1/2, Figure 2 shows that the
 potentials exhibits a
The plots of Id / I r vs. x-1/2 at
Fig. 3 ( from 0.75 to 0.55 V vs
plot of Idl/(I dl- Id ) vs. w 1/2 at differeat
linear behavior with an intercept equal to 1.
various electrode potentials are given in
RHE) and in bid. 4 (frog, 0.55 to 0.35 V vs.
ROE). Using Model 1, it is possible to calculate the rate constants over the
entire potential range ; from 0.3 to 0.4 V vs. RRE); the : ate constant, in
82 304 as a function of electrode potential are presented in Fig. S. The rA io
of k1 to k2 is about S - 12 and is potential-dependent. Since k 1 is larger
than k2 , oxygen is mainly reduced to water via the direct four- electroa
transfer reaction path and only small amount of oxygen is reduced to water via
the series reaction path which involves hydrogen peroxide as an intermediate.
The rate consta.At k3 is greater than k2 . This indicates that hydrogen
peroxide is reduced to water at a relatively rapid rate. Therefore, only a
little amount of hydrogen peroxide diffuses into the balk electrolyte as
evidenced by the small ring currents. The faradaic efficiency for oxygon
redaction is about 97%.
7
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2.3 LINETICS OF OXYGEN REDUCTION AT PLATINUM IN PHOSPHORIC ACID
Concentrated phosphoric acid is presently used as the electrolyte in
advanced fuel cells. The factor limiting the efficiency of this fuel cell is
the overpotential for oxygen reduction reaction. The structure and physical
properties of concentrated phosphoric acid are not well understood, but these
certainly play a role in the kinetics of the oxygen reduction reaction. The
dot.ble layer of mercury/concentrated phosphoric acid interface is thicker than
in .queous media (20). It is resonable to assume that there is a transition
of the interfacial and bulk properties when the electrolyte concentration
increases from a water—based to a phosphoric acid—based solvent structure.
For this reason, the present study was undertaken to elucidate the effect of
the concentration of phosphoric acid solutions (from 0.7 to 17.5M) on the
kinetics of oxygen reduction at platinum electrodes.
Mass Transfer—Corrected Tafel Behavior
A rotating ring—disk electrode was used to measure the polarization
curves of )xygen reduction at platinum, and to quantitatively determine the
amount of the hydrogen perioxide intermediate formed during the reduction
process. The mass transfer corrected Tafel behavior for oxygen reduction on
platinux for different phosphoric acid concentrations is shown in Fig. 6. The
plots correspond to the equation
I i2.3RT	 I — 2.3RT to
	
dld	 (3)
E	 aF	 °g o
	
aF	 I dl— Id
The Tafel plots presented in Fig. 6 are independent of rotation speed. In the
region from 0.6 to 0.8 V vs. RHE, the Tafel slopes are about 120 mV. This
result is similar to that (12,21,22) in other acid media. This indicates that
the overall reduction of oxygen is controlled by the first charge transfer
step under the Langmuir adsorption condition.
12
V
Mechanistic Aspects of Eleotgaredue ion of Oxvgyn
Based on Model 1 and the procedure illustrated in the method the
preceding theoretical analysis section, the values of k 1 , k2 , and 1 3 for
oxygen reduction in phosphoric. acid have been calculated. The rate constants
(k1 , k2 , and k3 ) are presented as a function of electrode potential for
various phosphoric acid concentrations in Fig. 7-10. In all cases, the ratio
k1 /k2 is greater than 10, implying that most of oxygen reduces to water
directly through the four electron transfer reaction.
From Fig. 7 to 9, it is apparent that for phosphoric acid concentrations
up to SM, k2 has the same potential—dependence as k 1 . This means that the
rate determining step is probably the same for the both reaction paths. At
higher concentrations, k2 becomes independent of potential; this indicates
that the rate of the reaction is controlled by a chemical step prior to the
electron transfer step.
The behavior of k3 is similar to that of k2 ; it decreases with increasing
phosphoric acid concentration. The significant decrease in k 2 and k3 with	
i
increasing phosphoric acid concentration leads to an increase in the faradaie
efficiency for the redaction of oxygen to water. This is important because at
the high phosphoric acid concentrations used in the fuel cells, the amount of
hydrogen peroxide formed during the operation is negligible.
13
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Fig. 10 Potential dependence of rate constant k 3 for oxygen reduction of
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 in the concentration range 6.6 to 56 w/o at 250 C.
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conclusions
From the results of the rotating ring—disk experiment, the following
conclusions may be reached for the oxygen reduction on pt in concentrated
phosphoric acid solution: (i) In the potential range 0.8 to 0.6V, the slope of
the mass transfer—corrected Tafel plots is equal to 120 mV/decade and is
r­w-' 'I,-
Ol-
r,
M
independent of concentration; (ii) The rate constants for k 1 and k2 have the
same potential dependence with the ratio of k l /k2 greater than 10.
2.4 ELECTRODE KINETICS OF OXYGEN REDUCTION ON PLATINUM IN
TRIFLUOROMETHANESULFONIC ACID (TFMSA)
Trifluoromethanesulfonic acid (TFMSA, CF 3 S03 H) and its homologues of
higher molecular weight are considered alternatives to phosphoric acid as acid
electrolytes for fuel cell. The reaction rate of oxygen reduction at platinum
in TFMSA is about two order of magnitude higher than that in phosphoric acid
(23). Although there have been some investigations of oxygen reduction on
platinum in aqueous TFMSA and in TFMSA nonohydrate on smooth and porous
electrode (23), its kinetics in this electrolyte is not yet fully understood.
The purpose of this study is to investigate the kinetics of oxygen reduction
at smooth platinum in aqueous TFMSA (0.05 — 6.0M) and in a mixed acid
containing 1.OM TFMSA and 0.003 — O.lM phosphoric acid.
Effects of Surface Oxide at Platinum on the Kinetics of OKvsen Reduction
in TFMSA
During the rotating ring—disk experiment, when the electrode potential is
! I1
scanned from 1.0 to 0.1 V vs.
first covered with a layer of
platinum at the end of the sc
scanned from 0.3 to 1.0 V vs.
surface and then the oxide is
vs. RHE.
RBE, the surface of the platinum electrode is
oxide and then gradually redc.cd to bare
tn. Conversely when the electrode potential is
RHE, the electrode starts with an oxide—free
gradually formed at the potentials above 0.8 V
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)f the surface oxide on the kinetics of oxygen reduction at
platinum in 0.05M IFMSA is shown in Fig. 11 (at w - 900 rpm). The disk
current (Id ) for oxygen reduction on the oxide-free surface (potential scanned
from 0.3 to 1.0 V vs. REE) was higher than t}at on the oxide-covered surface
(potential scanned from 1.0 to 0.3 V vs. RHE). The maximum amount of hydrogen
peroxide detected on the ring electrode (I r ) for the oxide-covered disk
electrode was 400% higher than that for the oxide-free disk electrode.
Roagt12u Qrder with Rgspect to Oxygen for the Oxygen Reduction Reaction at
Platinum in TFM3A
An attempt was made to determine the rate constants for oxygen reduction
at platinum in TFMSA with the procedure of the theoretical analysis described
in Section 2.2. Negative intercepts were observed for both the 
Idl /(I dl- Id)
vs. W 1/2 and Id/I r vs. 0
-1/2 
plots in all the TFMSA solutions (0.05 - C OM)
as well as in 1.OM TFMSA solution with phosphoric acid additives (u.003 -
C OM). One possible explanation is that the reaction order with respect to c
oxygen in the TFMSA medivas is not unity. According to the following equation
(24):
log I d 0 log I  + m log (1 - Id/Idl)
	
(4)
a plot of log I d
 vs. log (1 - I d/I dl ) should be linear with a slope equal to
the reaction order of oxygen, m. A typical plot of log 
Td 
vs. leg (1 -
I d/Idl ) in 0.05M TFMSA is presented in Fig. 12. The slopes of the straight
lines reveal a fractional reaction order. In the concentrations of TFMSA
investigated, the reaction order of oxygen were between 0.4 and O.S. In the
mixtures of 1.OM TFMSA and 0.003 	 O.1M phosphoric acid, the reaction order of
oxygen increased from 0.5 as the concentration of phosphoric acid increased.
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Fig. 11 The rotating ring-disc electrode data at W - 900 rpm
for oxygen redaction at Pt in 0.05 M TFMSA.
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Fig. 12 Plot of log I d
 vs. log(1 — I d/I dl ). Data were obtained
from the rotating ring —disk electrode experiments
	 t
for oxygen :eduction at Pt in 0 . 05 M TFMSA.
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rMechanism of Oxvaen Reduction gt Platinum in TFM A
For the reaction order of oxygen not equal to one, the mass transfer
corrected Tafel equation is:
2.3RT2.3RT	 _Idl	 m	 (5)
E _ aF
	
108 I0 - aF
	 log Id ( I	 - I )
dl	 d
The plot of E vs. log 
I d [I dlM dl- I d )] m should be independent of 0, if m is
chosen properly. The plots with m=0.5 for oxygen reduction at platinum in
TFMSA and in 1M TFMSA containing three concentrations of phosphoric acid are
shown in Fig. 13 and 14, respectively. These plots are independent of W. At
a given potential, the reduction current decreased as the concentration of
TFMSA of of phosphoric acid increased. The decrease in the oxygen reduction
current in concentrated TFMSA is probably due to a lower oxygen solubility
and/or higher anion adsorption. The decrease in the oxygen reduction current
with the addition of phosphoric acid is due to the electrochemical active
sites being blocked by the adsorption of phosphate ions.
Based on the proposed mechanism (21,25), the reaction order of one-half
with respect to oxygen can be explained by considering a fast dissociation
step (large k  and k2
 in Fig. 15) and that step 3 is rate determining (small
k3 ). By assuming that the adsorption of oxygen is under Langmuir condition,
the disk current can be expressed by :
cLFId = K[F+ ][0 2 1
1/2
 exp[ - RT E]	 (6)
In the above equation Id
 is proportional to [02]1/2.
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Conclusions
From the rotating ring —disk electrode experimental data of oxygen
redaction at platinum in TFMSA, it can be concluded that M a lower oxygen
reduction current and a larger amount of hydrogen peroxide were observed for
the oxide—covered platinum surface as compared to the oxide — free surface; (ii)
a half reaction order with respect to the oxygen concentration was obtained;
(iii) on the basis of the present experimental results, a reaction mechanism
involving the fast dissociative adsorption of oxygen followed by the slow
first charge transfer step was proposed for oxygen reduction at platinum in
TFMSA.
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III. TRANSPORT PROPERTIES OF PHOSPHORIC ACID ELECTROLYTE
3.1 LITERATURE REVIEW
The transport properties of the phosphoric acid electrolyte are needed to
study the electrode kineti^s of oxygen reduction reaction and to optimize the
fuel cell performance. Among these, the electric conductivity, viscosity,
diffusivity and solubility of oxygen in the electrolyte are the most important
properties.
Electric Conductivity
Several sets of conductivity data for phosphoric acid at various
concentrations and temperatures are available in the literature. Some of the
early data are presented in the Monsanto Technical Bulletin (26), which also
includes unpublished data of Helmer at al. (27). Increased attention has been
shown recently in obtaining conductivity at high concentrations and
temperatures. (28-34); such an emphasis has left a gap in the literature on
the data of conductivity and other properties. Table 1 summarize the
3
available data of electric conductivity (35). It is evident that over the 	 q
concentrations range of 0-85% phosphoric acid, there are no data available for
temperatures greater than 25 0C. Also, for the concentrations range of 85 —
100% H3 PO4 , no data are available for temperatures greater than 150 0C. A more
complete set of data is needed.
It is suggested that for dilate phosphoric acid concentrations, the major
contribution to conductivity must come from the Stokesian ion transport,
whereas in more concentrated solutions the major contribution to conductance
comes from proton switch (chain type) mechanism. The existence of proton
switch mechanism in water is well established. There are evidences which	
y
support the existence of proton switch mechanism in H3PO4'
Ulu
28
, D^]
Greenwood and Thompson (32) considered the self dissociation of anhydrous
phosphoric acid according to the equilibria: 	 e
2 H 3PO4 } I;4PO4
+
 + H2PO4
	[fast]
	 (7)
2 H 3PO4
	H30+
	+ H3P 20 7
	(slow]	 (8)
	
The first equilibrium is labelled fast because the conductivity of freshly	 a
melted phosphoric acid is high (7.68 x 10 2 Q-1 cm 1 ). Since the ionic
dissociation is very small (as low as 4.5% for the hemi—hydrate), and the
viscosity is high for H3 PO4 , the observed high conductivity can not be
explained in terms of Stokesian diffusion. This means that other type of
transport mechanism must have a significant contribution to the conductivity.
Gileadi (36) has represented the switch mechanism for H 2 PO4 migration as
shown in Fig. 16, where phosphoric acid molecules and phosphate anions are
associated by hydrogen bonds. Under an electric field, the proton tends to
migrate. According to Gileadi, the switching of protons can be accomplished
by either rotating or the rearrangement of the internal bonds as shown in the
figure. The latter being more favorable considering the large energy that
would be required to reorient the associated phosphoric acid molecules. The
same view point of a hydrogen bonded network has also been proposed by Akiyama
et al. (34). To support their hypothesis, these authors calculated the molar
conductance of concentrated phosphoric acid assuming both water and phosphoric
acid contribute to conduction. The calculated molar conductance was constant
between 60 and 76% P20 5 content. Further evidence for proton migration comes
from the work of Greenwood and Thompson (32). They hypothesize that if a
certain H—bonding structure is responsible for proton migration, then the
conductivity would decrease if the probability of H—bond formation is
reduced. To prove this, these authors prepared the co—ordinated complex of
H3 PO4 and BF 3'
29
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OF POOR Q1
	0.102	 0.134
	
.0928	 .122
.0858 .114
.0756 .102
.0639 .0870
.0534	
.0740
	
.05589 .06598 .07680
	
.OS836
.0432
.0606
.02b2
.0389
.0148
.0234
.00471
.00865
.00256
.00495
.00125
.00245
.000262
.003597
Table
	
1. Specific Conductivity of Phosphoric /. y id as a Function of Concen-
tration and Temperature. Compiled from References 37, 7, 8, 9.
unit:ohm l .cm 1
0•-45.0%
Temp 'C
	 0'	 18'	 250
	
29.3	 30'	 35	 40'
wt% H3PO4
1 0.0102
2 .0175
3 .0226
4 .0281
5 0.0409 .0334
10 .0615 0.0566 .0617
15 .0772 .0850 .0918
20 .0934 .1129 .1236
25 .1096 .1402 .1553
30 .1259 .1654 .1836
35 .1415 .1858 .2068
40 .1472 .2010 .2236
45 .1488 .2087 .2336
50 .1427 .2073 .2324
55 .1317 .1978 .2263
60 .1195 .1833 .2117
65 .1052 .1650 .1905
70 .0844 .1436 .1656
75 .0608 .1209 .1373
80 .0460 .0979 .11188
85 .0348 .0780 .0907
85.10
85.79 .0888
88.47 .0801
88.68
89.10
90 .0245 .0673	 0.050
90.45
90.54 .0734
91.42
92.75
93.73 .0641
95 .0184 .0612	 .0696
96.97
97.07 .0535
97.96
98.93
99.57
99.75
.0447
99.72
100
.04675
101.63
.0355104.43
.0210106.77
.0115110.49
.00336112.58
.00175115.66
.000860118.16
.000163
30
i
45.0	
i
I
0.4904	 0.5299 0.5685
	
0.167	 0.202
	
.154	
.189
.4747 .5169 .5589 0.6033
.4702 .5133 .5568 .6020 0.6411
.146
.180
.4665 .5098 .5536 .5996 .6297
.4606 .5055 .54Q,; .5960 .6384
.131
.165
.4369 .4816 .5280 .5763 .6184
.115
.145
.4274 .4717 .5178 .5664 .6082
.4137 .4578 .5029 .5516 .5936
,4019 .4461 .4904 .5386 .5819
.0975
.124
.3986 .4421 .4872 .5347 .5774
.1013
	 0.1138 .1270 0.1406
.0814
.106
.0550 .0744
.0346
.0490
.0141 .0220
.00855
.0137
.00429
.00599
.00108 .00183
4
Table '	 SPECIFIC CONDUCTIVITY (continued)
unit: ohm-1
 cm 1
50.0'-170.42'
Temp 'C
	
50'	 55'
	
60.0 65,0	 130.00
	 140.12 150.25	 160.92
	 170.42
vt% H3P01
1
3
4
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
85.10
85.79
88.47
88.68
89.10
90
90.45
90.54
91.42
92.75
93.73
95
96.97
97.07
97.96
98.93
99.57
99.75
99.72
100
101.63
104.43
106.77
110.49
112.58
115.66
118.16
ORIGINAL NO `S
OF pOOR QUALITY
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	 A schematic diagram of the hopping
mechanism in B3PO4
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v
rThe viscosity and electric conductivity of these complexes were markedly
different from those of HI PO4 . These results could be explained only by the
presence of a hydrogen bonding network in H 3 PO4 . Munson (38) studies the
effect of various ionic solutes on the conduction of H 3 PO4 and came to the
same conclusions as those of Greenwood and ThompsoL.
The existing literatuts data on the kinematic viscosity of phosphoric
acid are summarized in Table 3-2. The accuracy of the data is estimated to be
+ 15%. 3aji (40) reported viscosity data for concentrated phosphoric acids
which deviated from that reported in Table 2; the difference occurs red 	 j
because the acid was dehydrated by heating and contains higher proportions of
Poly-acids. The effect of various impurities like Al. Fe, k, Ca. Mg on the
viscosity of phosphoric acid has been discussed by Cate and Deming (41), and
by Dahlgren (42). The cations increase the viscosity, while anions have
negligible effect. The effects are negligible at the concentration below 0.1%
by weight of the impurity; the magnitude of the effect is also dependent on
the concentration of the phosphoric acid.
As seen in Table 2, there are some gaps in the kinematic viscosity data.
For 0-85% 93 PO
40 no data are available for temperature greater than 1800C.
The kinematic viscosity data have been correlated by [ondraehenko et al.
(43-44) with a polynomial equation for the concentration range 90-103% 03PO4
at temperature from 20 to 900C.
I
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Diffusivity and SolubiLit9 2f O;yaen iu PhosDhoTIq A iFleotrolu4 	 i
Oxygen solubility in eoneetitrated phosphoric acid solution was first
determined by Gubbins and Walker (45) using a gas ehromatrographic method.
Yatskovskii end Fedotov (46) measured the solubility and diffusivity of oxygen
at 25°, 45
0
 and 60°C as a function of the phosphoric acid concentration (up to
85% by weight) using an electrochemical method; in this method, a platinum
wire was sealed into a capillary and oxygen diffused to the electrode through
the open end of the capillary. Ilinedinst ct al. (47) extended the
measurement from 85% to 961 acid concentrations. The authors used a diffusion
current-time curve to a platinum wire electrode to determine the oxygen
solubility and diffusivity.
There was reasonable agreement between the results of Gubbins at al, and
those of Yatskovskii at al.; in both these investigations the solubility
decreased with concentrations of the Acid. The results of Ilinedinst at al.
were consistent with those of Gubbins and Walker at a given concentration and
temperature, but the concentration dependence was exactly opposite to that
observed by Gubbins. The activation energy for oxygen diffusivity reported by
Ilinedinst was also different from the value calculated by Yatskovskii at al.
Unfortunately, a critical comparison of these res&:.:ts is not possible since
Ilinedinst did not carry out measurement for the concentrations lower than 85%
at 25°C,
3-2 EXPERIMENTAL
In the presout work, the electric conductivity and kinematic viscosity of
phosphoric acid electrolyte have been measured over a range of concentrations
from 7% to 100%, and the temperatures from 25° to 200°C.
Electric Condiqclivity
Electrical conductivity data were measured with an A.C. conductivity
bridge and conductivity cell (Beckman). The cell constant of the conductivity
cell was calibrated with standard 0.01 R kCl solution.
35
_D111.1
w	 l
The specific conductivity of phosphoric acid was measured over a
concentration range of 0-1009 and a temperature range of 25-200 0C. The
electrolytes were made from stock 85% phosphoric acid (Fisher). For
concentrations 0-851 acid, the different solutions were diluted from 85% H3PO4
with distilled water. For concentrations greater than 85%, the solutions were
made by concentrating purified acid inside a vacuum oven. The solution was
poured into a three arm round—bottom flask, and immersed in an oil bath. A
'	 reflux column was used to condense any vapor at high temperatures (greater
than 1000
 C.) A thermometer was used to monitor the temperature of the solution
for each concentration, the specific conductivity data for different
temperatures were taken at a 10 0C temperature increment.
Kinematic Viscosity
Kinematic viscosity data were measured with a Canon —Fenske viscometer
made by Industrial Glass Co. The time constants of the vocometers were
calibrated against water and glycerol solutions at different temperatures.
The range of concentrations measured for kinematic viscosity aas the same as
that of specific conductivity. The temperature range was slightly different;
`	 it was from 25 to 180 0C. The measurement was carried out in a constant
r
temperature air oven.
3.3 RESULTS
Electric Conductivity
The specific conductivity of phosphoric acid solution has been measured
over a concentration range of 6-1009 (by weight) and a temperature range of
25-200 0C. The data are presented in graphical form in Figs. 17-22.
Figure 17 is a plot of specific conductivity as a function of
concentrations at 25, 100 and 170 0C. For each temperature, the curve exhibits
a maximum at a certain concentration; this maximum shifts toward higher
concentration with increasing temperature. Figures 18-22 are the
36
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semi- logarithmic plots of specific conductivity versus reciprocal of absolute
temperature at different concentrations. Figure 18 is for concentration range
of 0.05 to 2 . 37 M phosphoric acid. It is seen that conductivity increases
with temperature and that straight lines can be drawn for the conductivity at
the low concentrations. At higher concentrations, the Arrhenins type
correlation does not hold. This can be seen in Figs. 19-22; for there
concentrations, a second order polynomial fit of In k vs. 1 /T should give a
better description of the experimental data.
Kinematic Viscosity
The kinematic viscosity of phosphoric acid was measured for the
concentration range of 6-100% and the temperature range of 25 -180 0C. The data
are presented graphically in Figs. 23-27.
Figure 23 is a plot of kinematic viscosity as a function of
concentrations at 25, 100, and 1700C. The kinetic viscosity increases
exponentially as the concentration increases. However, the increases becomes
less drastic at high temperatures. The kinetic viscosity decreases with
increasing temperature. Figures 24-27 are the semi-logarithmic plots of
kinematic viscosity versus reciprocal temperatures at different
concentrations. The kinematic data seem to obey the Arrhenins law at the
concentration and temperature range investigated.
1
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r3.4 CONCLUSIONS
(1) The electric conductivity of aqueous phosphoric acid solution has been
nassured over a range of concentrations from 0 to 100%, and temperatures
from 25 to 200 0C. Attempts were made to correlate the experimental data
with the Arrhenius type expression; and the partial success was nbtained 	 1
for the data up to 2.37 N phosphoric acid.
(2) The kinematic vi.cosity of phosphoric acid as fuLations of concentraion
and temperature was measured for the concentration range of 0-100% and
the temperature range of 25-180 0C. The data were described by the
Arrhenius law.
d
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V NOTATION
Symbol Description Unit
2
i	 a cross—section area en
f
D1 diffusivity of oxygen cm2/S
D2 diffusivity of hydrogen peroxide cm2/S
t
E electrode potential V vs. RHE
Ez potential of zero charge V vs. BHE
F Faraday ' s constant C/mol.
i	 I Cell Current A
t
Id Dist Current A
1
I dl mass transfer limiting current at disk electrode A
I 
kinetic current at disk electrode A
1 exchanging current A
I ring current A
r
J flux of ions
K overall rate constant cm/S
k cell constant of a conductivity cell
ki rate constant of step i cm/S
L specific conductance mho/cm
1 length of the conductivity medium cm
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Symbol Description Unit
It reaction order of oxygen
N collection efficiency
R gas constant J/mol. oY
R resistance ohm
T temperature °Y
—116
0.62 D12/3
/S0.5
Z1 cm
116
0.62 D22/3
/S0.5
Z2 cm
GREEK SYMBOLS
C	 transfer coefficient
eeff	 energy conversion efficiency	 ^+
X	 specific conductivity	 mho/cm
kinematic viscosity
	
	
dm2/S in Ch.2
(centistoke in Ch. 3)
m	 rotating speed of electrode 	 S-
1
Y
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